 Shell was the simplest biological mineral material protecting the soft tissue. In this paper, the effects of the cross bedded structure of Limaria basilanica shell and organic matter on the three-point bending behavior of Limaria basilanica shell were studied. Experimental results showed that the mechanical properties of shell were closely related to its microstructure, and both of them had anisotropy. The mechanical properties and density of the shell decreased evidently with the increase of temperature. It was indicated that the organic matter in the shell decreased with the increase of heating temperature, which lead to a marked decrease in mechanical properties of Limaria basilanica. The bearing capacity of the shell in the vertical direction was higher than that of the shell in the horizontal direction. When the organic matter in the shell was removed, the three-point bending strength of the shell was only one-twenty or one-thirty of its original strength. The main toughening mechanisms of Limaria basilanica shell were crack deflection, fiber pull out, and viscoelastic properties of organic matter. The bionic study on the toughening mechanism of shell material provided important information about design of the composite materials.
INTRODUCTION
In recent years, biomaterials and biomechanics had been widely concerned by many scientists, and had gradually become one of the new research directions in the field of materials and mechanics [1, 2] . It has been found that a large number of amazing scientific problems existed in the biological materials, and a lot of biological materials in the micro-and nano-scale had unique structures and amazing mechanical properties. For example, the strength and toughness of mollusc nacre were about 1000 times those of natural aragonite crystals, which was not comparable to traditional artificial synthetic materials. Shell was one of the typical natural biological composite materials [3] . Toughening mechanisms of shell mainly included crack deflection, fiber pull out and viscoelastic properties of organic matters. The synergies of the toughening mechanisms of shell could improve toughness considerably without losing its original strength. The excellent strength and toughness of shell were inseparable from its structure and composition [4, 5] . The cross bedded structure of shell was always anisotropic, which was very effective for improving the toughness of the material and provided a better solution to relieving the brittleness of ceramic matrix composites.
This paper explored effects of cross bedded structure on the mechanical properties, flexural strength and compressive strength of the shell in order to improve the high toughness theory of lamellar structure. This study established a theoretical foundation for biomimetic materials, and also provided a new way to improve properties of ceramic composite materials.
EXPERIMENTAL PROCEDURES
Electron microscope was scanned to observe the microstructure of the shell. Three-point bending tests were carried out on a universal mechanical testing machine as shown in Fig.1 . The geometrical dimension of the three point bending specimen was 3mm×16 mm×1 mm. The loading speed was 0.1mm/s, and the span was 12mm, so the maximum stress of the bending specimen would be obtained according to Eq. 1: (1) P-the applied maximum load; b-the width of the specimen; h-the height of the specimen; L-the span of three point bending.
In this experiment, the shell was treated by three different methods, including fresh shell, heated 100℃ and 160℃ for 5h in air. The phase composition of the shell was analyzed by X-ray diffraction (XRD). The density of the shell was measured by buoyancy method. 
RESULTS AND DISCUSSIONS

Surface Morphology
The surface morphology of Limaria basilanica shell was shown in Fig.2 . The striped texture feature on the shell surface was very obvious. The length of the shell was about 3.5 mm and its average thickness was about 700μm. The shell was oval. The left and right shells were not equal. There were about 19-23 radial ribs on the shell surface. The radial rib was relatively smooth with the height of about 800μm and the width of 500μm-1000μm. The distance between ribs was 100μm-300μm. The shell surface was white with thorns. 
Microstructure
Fig .3 shows the crossbedded structure of Limaria basilanica shell. The arrangement of aragonite crystals was regular with the lamella arranged in a direction parallel to each other, and they were arranged in another direction as cross banding. Each layer of the shell has different structure, but is composed of lath aragonite fibers. The angle between major axes of each plate and its layer was about 30°~60°. In the multilevel structure of the shell, the primary structure was a plate structure, and it was formed by the second grade parallel lamella. The direction of two-grade lamella was different. The second grade lamella was composed of the third grade parallel fibers. Because of the anisotropy of the cross bedded structure, the fracture toughness of the shell was increased by a few orders of magnitude, and the mechanical properties of the shell were also improved. If such kind of structure could be copied, a new generation of high toughness lightweight materials will be developed. The EDS result of Limaria basilanica powder was shown in Fig.4 . It can be seen that the main elements were calcium, carbon and oxygen. From the XRD results in Fig.5 , we can know that the main chemical composition of Limaria basilanica was calcium carbonate (CaCO 3 ), indicating that the phase composition of shell is mainly aragonite. Aragonite widely existed in crystal structure, and played an important role in various functional properties of shell. Density Measurement Fig.6 shows density of Limaria basilanica shell with different treatments. There were three kinds of shell. The density of the fresh sample, the heated 100℃+5h sample and heated 160℃+5h sample were 2.735g/cm 3 , 2.713g/cm 3 and 2.686g/cm 3 , respectively. Compared with the density of the fresh sample, the density of the heated 100℃+5h sample was reduced by 0.8%, and the density of the heated 100℃+5h sample was reduced by 1.8%. It is indicated that the density of shell decreased obviously with the increase of temperature. CaCO 3 and organic matter were the main components of shells. The content of calcium carbonate was almost not changed before and after heating, so the decrease of organic matter content was the main factor to reduce density of the shell. Fig.7 shows the experimental results of three-point bending test of Limaria basilanica shell with different treatments. The bending strength of fresh shell was the maximum (about 170MPa). The bending strengths of the heated 100℃+5h sample and heated 160℃+5h sample were 110MPa and 50MPa, respectively. With the increase of heating temperature, the fracture work of the shell linearly decreased. It can be seen that the fresh abalone shell has the best toughness. The higher the heating temperature was, the lower the toughness of the shell was.
Experimental results
After the heating treatment, the phase composition of the shell was still aragonite, but the bound-water in the shell had lost, and part of the organic matter was decomposed. The bonding strength of the crystal structures was greatly reduced, which decreased the strength of the shell. It was indicated that the reduction of organic matter greatly reduced the bending strength of Limaria basilanica shell. Although the organic matter in the shell only accounted for a very small part of the shell volume, the content of organic matter had an important influence on mechanical properties of the shell. It is suggested that the reduction of organic matter in the shell was the main reason for the decrease of mechanical properties of the shell. Due to the viscoelastic effect of organic matter, the organic matter in the shell had a plastic deformation during the fracture process, and the excellent bonding between the organic matter and aragonite plate improved the fiber pull-out mechanism. For the heated samples, the loss of water and the decomposition of organic matter greatly weakened such kind of toughening mechanism, the interface organic matter and aragonite plate fractured, so that the bending strength of the shell decreased obviously. It can be seen that water and organic matter are critically important to improving strength of the shell.
Discussion
From the results of the three-point bending test of the shell, it is indicated that the crossbedded structure of Limaria basilanica shell has significantly improved the fracture toughness of brittle material. The toughening mechanism included the crack deflection, fiber pull-out and the viscoelastic effect of the organic matter.
Crack Deflection Mechanism
When the propagated crack was perpendicular to the CaCO 3 lamella, crack deflection was one of the most common fracture mechanisms in shell material. In most cases, the crack could easily initiate in the organic layer, and was prone to propagate along the direction parallel to the plates. Firstly, the crack propagated along the direction parallel to the aragonite platelets, then was deflected and stopped along the direction vertical to the aragonite platelet layer, and it had to continue extending along the direction parallel to the aragonite platelets. In the process of the crack deflection circulation intercourse, the zig-zag crack propagation path was formed, and the shell became the toughened glass
Fiber Pull-Out Mechanism
In shell material, "Fiber pull-out" meant the pulling out of aragonite platelet from organic matter, and fiber pull-out and crack deflection often occurred at the same time. The cracks were deflected frequently in the organic matter, which led to the pulling out of CaCO 3 lamella. After the crack crossing through the organic matter, some of interlayer connections did not break in organic matter. At that time, except for the bonding force and frictional force between organic matter and CaCO 3 lamella, all of the unbroken connections to organic matter had to be cut for the pulling out of a single lamella, which improved the crack propagation resistance and the toughness of shell.
Viscoelastic Mechanism of Organic Matter
During the fracture process in shell material, the organic matter between aragonite layers occurred during plastic deformation, which improved the slip resistance between adjacent CaCO 3 lamellas. Viscoelastic mechanism of organic matter strengthened fiber pull-out toughening mechanisms. It is suggested that the bonding interfaces between biological macromolecules and aragonite crystals are very strong.
From the above analysis, it can be seen that the main reason for the high toughness of shell was multiple toughening mechanism of the crack deflection, fiber pull-out and the viscoelasticity of organic matter, and these toughening mechanisms were closely related to the specific composition and microstructure of shell.
CONCLUSIONS
This paper has investigated the microstructure and friction-wear behavior of Limaria basilanica. According to the analyses, the following conclusions are drawn:
1. The shell had a typical multilevel crossbedded microstructure. The first grade structure was lamellar structure, and the first grade structure was composed of the second grade lamellas.
2. The mechanical properties of shell were related to not only the unique microstructure, but also the pre-bonding between organic matters and inorganic phases.
3. The shell was mainly composed of calcium carbonate and organic matter. The decrease of organic matter content directly led to the decrease of the mechanical properties of shell after heating treatment.
4. The main toughening mechanisms of shell included the crack deflection mechanism and fiber pull-out mechanism and the viscoelastic mechanism of organic matter while the toughening mechanism of the shell, the special composition and structure were closely related.
